We consider inflation within a model framework where the Higgs boson arises as a pseudoGoldstone boson associated with the breaking of a global symmetry at a scale significantly larger than the electroweak one. We show that in such a model the scalar self-couplings can be parametrically suppressed and, consequently, the non-minimal couplings to gravity can be of order one or less, while the inflationary predictions of the model remain compatible with the precision cosmological observations. Furthermore, in the model we study, the existence of the electroweak scale is entirely due to the inflaton field. Our model therefore suggests that inflation and low energy particle phenomenology may be more entwined than assumed so far.
I. INTRODUCTION
Cosmic inflation and electroweak (EW) physics may be profoundly connected. The well-known concrete realization of this connection is the Higgs inflation model [1] (for early studies on the topic, see for example [2] [3] [4] [5] ), which is favoured by its simplicity and conformity with observations [6] . At classical level, it provides clear predictions for inflationary parameters and can, in principle, be used to accurately calculate the subsequent evolution of the universe including the stage of reheating [7, 8] .
However, the Standard Model (SM) Higgs inflation suffers from a few unavoidable theoretical disadvantages: the Higgs field, H, must couple to gravity, ξ|H| 2 R, with a very large non-minimal coupling, ξ = O(10 4 ), to sufficiently flatten the potential at high field values; the renormalization group (RG) running drives the quartic selfcoupling λ H of the Higgs negative at scales well below the inflationary scale 1 [10] ; and there have been raised concerns about possible unitarity violation at scales below the inflationary one [11] [12] [13] [14] [15] [16] (see, however, e.g. [17] [18] [19] [20] [21] for further discussion).
In addition to the Higgs, one can include additional scalar fields singlet under all SM symmetries and nonminimally coupled to gravity [3, [22] [23] [24] [25] [26] [27] [28] [29] , or consider alternative non-minimal couplings [30] [31] [32] [33] [34] . The model where the inflaton is identified with a non-minimally coupled singlet scalar S suffers from the same problem of a large non-minimal coupling, ξ S = 49000 √ λ S . This problem * alanne@cp3.sdu.dk † sannino@cp3.dias.sdu.dk ‡ t.tenkanen@qmul.ac.uk § kimmo.i.tuominen@helsinki.fi 1 A detailed analysis unveiling and abiding the Weyl consistency conditions has been performed in [9] .
of S inflation can be alleviated if a sufficient hierarchy λ S λ H exists, and in [23, 25, 29] it was shown that inflation can be realized with ξ S = O(1) or less if λ S 10 −8 . Therefore, it would be desirable to identify model frameworks where small scalar self-interactions are generated and stability of the scalar potential can be ensured up to the inflationary scale.
One possible model framework, called elementary Goldstone Higgs (EGH), where these goals can be achieved, has been introduced in [35] . This model is based on an elementary scalar sector with a global symmetry larger than in the SM, and this symmetry is explicitly broken by the coupling with the EW gauge currents and the SM Yukawa interactions. Under radiative corrections, these sources of explicit breaking will align the vacuum with respect to the EW symmetry. As shown in [35] , the vacuum aligns very near the vacuum where the EW symmetry remains unbroken, and consequently the 125-GeV Higgs boson is identified with a pseudo-Goldstone boson (pGB) of the breaking of the global symmetry.
The EW scale in this model framework is therefore induced by physics operating at some possibly much higher scale. In [36] it was shown that the EGH model framework, within a Pati-Salam-type unification scenario, can be applied to explain the large hierarchy between the EW and unification scales. As a consequence of this large hierarchy, all scalar self-couplings become parametrically small.
In this paper we consider inflation in this model context, where the Higgs boson arises as a pGB. In Sec. II, we introduce a minimal model where this dynamics can be realized. In Sec. III, we consider the inflationary dynamics. Our main new results are that non-minimal coupling with gravity can be small, of order one or less, and the resulting inflationary dynamics is consistent with current observations. Our results also illustrate how the inflaton field intertwines with the low-energy particle phe-nomenology: in the model we consider, the existence of the EW scale is due to the inflaton field itself. In Sec. IV, we shortly discuss the stability of the EW vacuum against fluctuations both during and after inflation. Finally, in Sec. V, we conclude and present outlook for further work.
II. THE MINIMAL SETUP
It was shown in [37] that the minimal model able to incorporate an elementary pGB Higgs boson by enlarging only the Standard Model scalar sector features an SO(5) → SO(4) global symmetry breaking pattern, and contains an additional singlet scalar. The scalar sector can be conveniently parametrized by fields Σ describing a linear σ model based on the coset SO(5)/SO(4), and a real singlet, S. As explained in detail in [37] , the introduction of the singlet S ensures that the EW symmetry is properly broken in the vacuum. The EW symmetry, SU(2) L × U(1) Y , is embedded in SO (5), and the field Σ contains an EW Higgs doublet, H, and another real singlet, ϕ. The radiative symmetry breaking dynamics imply
The θ angle parametrizes the compact flat direction associated to the freedom in choosing the vacuum orientation at tree-level. Radiative corrections single out a value for θ and the large hierarchy v w v is reflected in sin θ 1. The scalar potential for these fields, assuming a Z 2 -symmetric singlet sector for simplicity, is given by
with the boundary values m
at the renormalization scale µ 0 featuring the global SO(5) symmetry. The generic feature of this model framework is that in the case of large hierarchy v w v, all scalar couplings are parametrically small. This makes the scalar fields appealing inflaton candidates, as we will discuss below.
We choose the renormalization scale µ 0 such that the tree-level vacuum expectation value, v, is not changed by the one-loop corrections and determine the preferred value of the vacuum alignment by minimizing the oneloop Coleman-Weinberg potential with respect to θ. Furthermore, we require that the model provides a pGB Higgs boson with the correct physical mass which we calculate following Refs. [38, 39] .
Finally, we choose a benchmark model, for which the two SM-singlet states have equal masses. This allows us to solve the quartic couplings λ Σ and λ ΣS as functions of the symmetry breaking scale, see Fig. 1 , and the resulting renormalization scale is given by µ 0 ≈ 5.4 × 10 4 GeV. We assume that the remaining quartic coupling, λ S , that is not fixed by the symmetry-breaking dynamics is of the same order as the other scalar quartic couplings in order not to produce large hierarchies among these couplings. However, to ensure successful reheating dynamics we take λ S < λ ΣS , as in [29] .
The fields H and ϕ in this scalar potential are the EW interaction eigenstates. The relevant physical mass eigenstates will in general be mixtures of the neutral component of H and ϕ, such that the Higgs is the mostly Goldstone-like state. The mostly ϕ-like eigenstate is heavier. Since we work in the limit where the hierarchy v w v is large, cos θ 1, and, as a result, the mixing can be neglected for all practical purposes.
In addition, we will include non-minimal couplings to gravity,
again with the boundary condition ξ
The presence of such non-minimal couplings is motivated by the analysis of quantum corrections in a curved background, as they have been shown to generate such terms even if the couplings are initially set to zero [40] . We assume again a modest hierarchy ξ Σ < ξ S , and assume that other gravitational couplings, such as αR 2 , are negligible (for their effect on inflationary dynamics, see e.g. [41, 42] ).
Since all scalar couplings are very small, the contributions of O(λ i ), i = H, ϕ, S, Hϕ, HS, ϕS, to the β-functions are negligible and we omit them. In this limit, the only non-zero β-functions are given by
The important feature is that the couplings of the singlet directions (λ S and λ HS ), which are determined to be small by the the symmetry breaking pattern and successful reheating dynamics, remain small up to the highest scales we consider.
III. COSMIC INFLATION
The Jordan frame action, where the non-minimal couplings to gravity are explicit, is
where M P is the reduced Planck mass 2 , the sum in the kinetic term goes over i = H, ϕ, S, and V 0 and V ξ are 2 Because ξ Σ v 2 M 2 P , we will neglect the term proportional to v and, as a result, the scale M P can indeed be identified as the Planck mass to a very good accuracy. given by Eqs. (1) and (2), respectively.
By making a conformal transformation to the Einstein frame,ĝ
the coupling between the scalars and gravity can be made minimal. If we also define
for all i = H, ϕ, S and take H, ϕ = 0 during inflation by virtue of the assumed hierarchy ξ H < ξ S which minimizes the scalar potential in the S direction, the kinetic term of χ S becomes canonical. Thus, by taking the Jordan frame potential to be V 0 = λ S S 4 /4, the Einstein frame potential, U (χ S ) = Ω −4 V 0 , becomes
at large field values, S M P / √ ξ S , or χ S M P . We see that the potential is exponentially flat and thus sufficient for slow-roll inflation.
Note that if we would have assumed ϕ, S = 0 and taken the Higgs to drive inflation, we would have arrived at a similar result for χ H . This is the case of SM Higgs inflation. Because in the SM λ H ∼ 0.1, the classical potential for χ H is sufficient to produce the observed amplitude of the curvature power spectrum only for very large nonminimal coupling values, ξ H ∼ 10 4 [1] . In our scenario, where the Higgs is a pGB, this hindrance does not arise because now all scalar couplings can be parametrically small, see Fig. 1 . Without considerable fine-tuning we cannot, however, allow for H to drive inflation due to potential instability at scales below the inflationary scale 3 , and therefore we take the singlet S to be the inflaton. For S, the potential is stable up to high scales, and the correct amplitude of the curvature power spectrum can be obtained even for ξ S < 1, as we will discuss below.
A similar scenario with a small inflaton self-coupling was recently studied in [29] in the context of unification of inflationary dynamics and dark matter production. By following similar steps, we present here the main results for the three inflationary observables P R , n s and r, and discuss what matching them to the observed values of P R and n s require in terms of the model parameters.
The usual slow-roll parameters are defined as
and the COBE satellite normalization [43] requires
to give the correct amplitude for the curvature power spectrum, P R 2.2 × 10 −9 [6] . The requirement in Eq. (9) can be expressed in terms of inflationary e-folds, N = ln(a end /a), as
which gives an approximate estimate for the required value of the non-minimal coupling ξ S in terms of λ S and N . We see that in the limit λ S → 1 the non-minimal coupling indeed has to be very large, ξ = O(10 4 ), to be consistent with observations.
In our analysis we, however, compute the curvature power spectrum numerically from U (χ S ) = Ω(S(χ S )) −4 V 0 (S(χ S )), where S(χ S ) is given by Eq. (6). The results are presented in Fig. 2 in terms of ξ S and λ S for representative values of N . We note that in this scenario, already the tree-level estimates for inflationary observables are very accurate due to negligible quantum corrections to λ S , as discussed above.
For the spectral index n s − 1 −6 + 2η and tensorto-scalar ratio r 16 , we obtain the results n s 0.9678, 0.0030 < r < 0.0078,
for 0.1 < ξ S < 10 and N 60. For this range, we have ξ H ∼ 0.1 to maintain consistency with our initial assumption ξ H < ξ S . The results match very well to the observed value n s = 0.9677 ± 0.0060 and to the upper limit r ≤ 0.11 [6] . In [29] it was shown that in a scenario similar to ours the reheating temperature is 4 T RH 0.002λ
which for λ HS λ S 10 −10 is well above the scales related to the Big Bang Nucleosynthesis. We therefore conclude that our scenario is in accord with the most important cosmological observations. While at the classical level there are no observable consequences that would distinguish the model from other models of the same type, the inclusion of loop corrections to specific model setups can have an effect on inflationary observables, as recently demonstrated in e.g. [27] , which would allow distinguishing our model from others.
Finally, we note that the potential problems of the SM Higgs inflation associated with unitarity violation during inflation [11] [12] [13] [14] [15] [16] do not arise at all in the models of the type we study because the scale of perturbative unitarity breaking is always higher than the scale of inflation [17, 44] .
IV. HIGGS VACUUM STABILITY
In the SM the vacuum can be metastable in the Higgs direction [10] , although this result is subject to some un- 4 We have assumed that thermal corrections to m H are negligible during reheating, and checked that extending the calculations of [29] to the range 0.1 ≤ ξ ≤ 1 does not change this result. certainty considering the relation between the mass measured by the experiments and the pole mass entering the theoretical computation [19, 45] . In our model the scalar potential is stable in all directions except the one corresponding to the Higgs, and the situation is essentially similar to the SM. However, since in our case the Higgs self-coupling is smaller than in the SM, the possible problem is actually a bit worse than in the SM.
To analyse the situation in more detail, we consider the one-loop RG-improved effective potential in the Higgs direction,
where the effective self-coupling is determined as explained in [10] . The running of λ eff with the initial condition λ H (5.4 × 10 4 GeV) = 10 −9 is shown in Fig. 3 . As in the SM, the scale at which λ eff = 0 is somewhat increased when higher-order corrections are taken into account.
As observed in [46, 47] , the value we have assumed for the non-minimal gravity coupling of the Higgs field, ξ H = O(0.1), lies exactly in the region where the vacuum is expected to be stable against large fluctuations both during and immediately after inflation. In particular, following the treatment in Ref. [46] , we obtain a lower limit ξ H (H * ) ≥ 0.05 for stability during inflation, and the upper limit from gravitational particle production after inflation, ξ H (H * ) < 3/8, is unchanged with respect to [47] .
To study whether the vacuum remains metastable at field values less than the inflationary scale, we apply the standard flat-space analysis, see e.g. [48] . The condition for metastability in this case is [9] λ eff (h) > − 2π
where T U is the age of the universe, and γ E is the Euler-Mascheroni constant. Higher-order corrections are expected to raise the scale where λ eff becomes negative by at least two orders of magnitude. Taking this into account, we conclude on basis of Eq. (14) , that the vacuum remains in the metastabe region under fluctuations below the inflationary scale.
V. CONCLUSIONS AND OUTLOOK
In this paper, we have considered a scenario which attempts to address some of the shortcomings of the simplest Higgs inflation scenario. Concretely, we considered a scalar sector based on the idea of the Higgs boson as a pseudo-Goldstone boson. When realized in terms of elementary scalars, the simplest model of this type requires a singlet scalar to be introduced in order to break the electroweak symmetry of the vacuum. We identified this singlet field as an inflaton and studied the resulting model in light of current precision cosmology observations.
Our results show that within this framework one can avoid the introduction of very large non-minimal couplings to gravity, and still maintain the successful predictions from inflation. From the model building point of view, our model shows how the inflationary dynamics can be fully embedded in a coherent particle physics setting: the electroweak symmetry breaking as a whole arises from the dynamics of the inflaton. This should pave the way for similar investigations in other model setups based on extensions of the electroweak sector of the Standard Model.
